1. Acidic and basic fibroblast growth factors (aFGF, bFGF) were shown to inhibit protein breakdown in BHK-21 cells, with the latter exhibiting approx. 6-fold greater sensitivity. 2. The maximum response achieved was less than observed with insulin or insulin-like growth factor-I (IGF-1), and was not additive with those growth factors over the 4 h measurement period. The inhibition of protein breakdown followed the same time course with all the growth factors tested, and was enhanced equally by NH4' ions. Taken together, these results suggest similar mechanisms for effects of the different growth factors on protein breakdown. 3. Protein synthesis was stimulated by bFGF, insulin and IGF-1, with partial additivity evident between bFGF and the other peptides. Increases in cell-culture protein content paralleled the changes in the rate of protein synthesis. 4. DNA synthesis was stimulated more effectively in BHK-21 cells by aFGF or bFGF than by insulin or IGF-1, with partial additivity between the two groups of growth factors. 5. Since each of the growth factors independently produced both relatively rapid effects on protein metabolism and more prolonged increases in DNA synthesis, some caution is warranted before classifying them into truly distinct groups as either competence or progression factors.
INTRODUCTION
Protein accumulation of cell cultures maintained in serum-free media is stimulated by insulin or IGF-1 and is a consequence of both an increase in protein synthesis and a decrease in protein breakdown (Ballard, 1982; Ballard & Gunn, 1985; Ballard & Read, 1985; Ballard et al., 1986) . Although the response to such peptides occurs rapidly and is typically as large as observed with fetal bovine serum, the inhibition of protein breakdown by insulin or IGF-1 may decrease after some hours, so that serum can eventually produce greater increases in protein content (Ballard, 1982; F. J. Ballard, unpublished work) .
An explanation for the sometimes transient effects of insulin and IGF-1 is the concomitant requirement for other factors normally present in serum to sustain the increased rate of protein accumulation. Thus research by Stiles, Pledger and co-workers (Scher et al., 1979; O'Keefe & Pledger, 1983;  Stiles, 1985) demonstrated the need for a competence factor such as platelet-derived growth factor or FGF as well as IGF-1 or another progression factor for the cell cycle to be completed. In the present report we have examined the effects of FGF and the insulin-like growth factors on protein synthesis and breakdown in BHK-21 cells, with particular emphasis on the identification ofinteractions between the different growth factors that could lead to enhanced cell growth.
MATERIALS AND METHODS Materials
Acidic and basic FGF purified from bovine brain were kindly provided by Dr. Peter B6hlen and Dr. Peter Gautschi, Biochemisches Institut, Universitat Zurich.
Bovine IGF-1 was purified from bovine colostrum 
measurement period was calculated as 100 times the trichloroacetic acid-soluble radioactivity divided by the total radioactivity in the monolayer (Ballard et al., 1980b , but by using a 1:1 mixture of Dulbecco's modification of Eagle's medium and Waymouth's MB 752/1 medium with the leucine concentration adjusted to 2 mm. Rates were expressed either as radioactivity incorporated per well or per mg of cell protein after measuring protein as described by Dulley & Grieve (1975 . Cell protein was measured (Dulley & Grieve, 1975) sensitivity comparable with that of bFGF and the latter showing a half-maximum effect at approx. 1.5 nm (Fig.  1) . The greater maximum response with insulin or IGF-1 than that observed with aFGF or bFGF ( Fig. 1) is striking, and suggests that the two groups of growth factors may produce their effects via different mechanisms. The following two experiments have been carried out to test such a hypothesis. Firstly, the different growth factors were added in combination at concentrations that individually produce maximum effects. Table 2 shows that the addition of 1 nM-bFGF together with either 10 nm-IGF-I or 100 nMinsulin produces no further inhibition of protein breakdown than with either IGF-I or insulin alone. It should be noted that the rate of protein breakdown can be decreased below that measured in the presence of insulin or IGF-1. Thus 5 mM-NH4CI added together with insulin, IGF-1 or bFGF leads to a further 23-24 % inhibition over that observed with the growth factors alone, very close to the 26 % inhibition found when NH4C1 is added without growth factors (Table 2) .
Secondly, the time course of inhibitory effects of the different growth factors on protein breakdown has been examined to determine whether the lower response to FGF over the normal 4 h measurement period can be explained by a longer delay before inhibition is detected. This experiment (Fig. 2) indicates that insulin, IGF-1 and bFGF each have a lag period of 1-1.5 h before an inhibition of protein breakdown can be measured. After that delay, however, the observed inhibition is characteristic of the individual growth factor, at least up to 4.5 h. Clearly the decreased response to bFGF cannot be accounted for by a longer lag time.
The increase in protein content produced by growth (Table 4 ). The changes in protein content in this experiment also show partial additivity between bFGF and insulin or IGF-1. It should be noted that, with the relatively long incubation periods used in the experiment in Table 4 , any change in protein breakdown will contribute to the measured rate of protein synthesis, because the amount of protein per well will be altered.
Fetal bovine serum produces much greater increases in protein synthesis and in the protein content of the wells over the 24 h measurement period than was found with the individual growth factors alone or in combination (Table 4) . A similar but less pronounced difference is evident in the protein-breakdown measurements. These greater relative effects of fetal bovine serum are not apparent in the 4 h studies of protein breakdown (Table  2) or protein synthesis (Table 3) .
In addition to producing changes in rates of protein metabolism, the individual growth factors stimulate DNA synthesis in quiescent cultures of BHK-21 cells (Fig. 3) . The aFGF and bFGF increased DNA labelling from radioactive thymidine in this experiment to approx. 70 % of that found in the presence of 10 % fetal bovine serum and gave half-maximum responses at 0.3 nm and 0.05 nm respectively. The maximum effects produced by insulin and IGF-1 were smaller than with FGF, and halfmaximum increases in DNA labelling occurred at approx. 0.1 nM-insulin and 5 nM-IGF-1 respectively (Fig. 3) .
The addition of either insulin or IGF-1 together with bFGF to quiescent cultures of BHK-21 cells led to an increase in the DNA labelling above that found with bFGF alone (Table 5 118.6±2.9 (272) 230.8+ 14.6 (84) increases in DNA synthesis and cell number (Gospodarowicz et al., 1978; Neufeld & Gospodarowicz, 1986) . Moreover, the concentration-dependence of the different responses to bFGF and aFGF on BHK-21 cells is remarkably similar, with half-maximum effects evident on cell growth at 0.04 nM-bFGF and 0.6 nM-aFGF (Neufeld & Gospodarowicz, 1986) , on DNA synthesis at 0.05 nM-bFGF and 0.3 nM-aFGF (Fig. 3) and on protein breakdown at 0.02 nM-bFGF and 0.12 nM-aFGF (Fig. 1) respectively. In each of the assays similar maximum effects occurred with aFGF and bFGF.
As reported here for both aFGF and bFGF and suggested in an earlier study, where commercial FGF was tested on human fibroblasts (Ballard et al., 1980a) , the maximum inhibitory response on protein breakdown is somewhat smaller than that observed with the insulin/ IGF group of growth factors. One explanation of this difference could be the inhibition of distinct pathways of protein degradation! by the two types of growth factors. Such an explanation seems unlikely, because additive effects could not be demonstrated, at least during the first 4 h of exposure. Moreover, the addition of NH4+ ions, known to decrease protein breakdown via alkalinization of the lysosomal system (de Duve et al., 1974; Ohkuma, 1987) , produced equal and additive responses on protein breakdown in the presence of bFGF, insulin or IGF-1. These results, taken together with our finding of similar inhibitory time courses for the various growth factors, suggest that FGF is affecting protein breakdown by the same prevention of autophagy mechanism that has been established for insulin (Pfeifer, 1978 (Pfeifer, , 1987 ). An explanation as to how autophagy can be inhibited more completely by either IGF-1 or insulin than by FGF must await clarification of the sequence of events between receptor occupancy and prevention of autophagy.
Although FGF is a less effective inhibitor of protein breakdown than insulin or IGF-1, the reverse situation holds for the stimulation of DNA synthesis. The difference is particularly striking for insulin, because this hormone produces its modest maximum response on DNA synthesis in BHK-21 cells at a lower concentration than found with aFGF (Fig. 3) (Gospodarowicz et al., 1978; Kato et al., 1983) . Moreover, in most assays used to screen FGF activity, plasma or serum is present as a source of IGF Bohlen et al., 1985) .
A requirement for more than one growth factor for growth to be stimulated has led to the concept that an interplay is required between competence factors, such as FGF, and progression factors, including insulin and IGF-1 (Scher et al., 1979; O'Keefe & Pledger, 1983; Stiles, 1985) . Our results with BHK-21 cells do indeed show partial additivity between bFGF and the progression factors with respect to DNA synthesis, protein synthesis and long-term measurements of protein breakdown, but the additivity is slight when compared with the individual responses produced by bFGF, insulin and IGF-1. These findings do not argue against a need for more than one type of growth factor in order for cells to achieve a maximum growth rate, because the mixture of factors present in serum produced a more prolonged anabolic response. Rather, the classification of the growth factors is based on quantitative and not qualitative differences in growth effects.
